Introduction
Investigations on molecular differences between closely related species have usually been performed with two different approaches. The first one has attempted to quantify overall genomic changes between two genomes, as for example, the DNA-DNA hybridization technique (Sheldon, 1995) or the Representational Difference Analysis (RDA, Lisitsyn et a!., 1993) . The second has aimed at calculating differences in any marker available irrespective of its implication in the speciation process. This has often been the case with allozymes, which are generally in limited number (Crawford, 1985) or with RFLP and RAPD data. For both approaches, genetic and evolutionary inferences have been restricted to the conclusions drawn from genetic distances calculated at the overall genome level (DNA-DNA hybridization) or at a few anonymous markers (allozymes, DNA markers). None of these methods has focused on the molecular organization and distribution of genomic regions specifically involved iI% species differentiation. Such a strategy involves detecting, as a first step, the "Correspondence. E-mail: antoine.kremer@pierroton.inra.fr 1997 The Genetical Society of Great Britain.
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informative regions, the 'hot spots' where higher interspecific molecular differences exist. Once they are detected, their organization in the genome can be depicted and they may be localized on a genetic map to analyse their distribution. This strategy opens new perspectives in evolutionary studies at the species level such as molecular analysis of speciation or interspecific gene flow. We report here on the detection of genomic regions differentiating two closely related white oak species.
Sessile (Quercus petraea (Matt.) Liebi.) and pedunculate (Quercus robur L.) oaks are two widespread European species. They are sympatric and generally occupy different but proximal ecological niches. Although leaf and fruit interspecific differences are clearly recognized (Dupouey & Badeau, 1993) , the two species exhibit extremely low genetic differentiation (Müller-Starck et al., 1993; Zanetto et a!., 1994) . Gene diversity studies based either on allozymes (Zanetto et a!., 1994) , or ribosomal DNA and chloroplast DNA have shown that both species share the same alleles, including rare alleles. This extremely low differentiation may originate from their interfertility. Extensive unidirectional hybridization has been shown in mixed stands (Bacilieri et a!., 1996) and confirmed by interspecific crosses (Steinhoff, 1993) . The obvious discrepancy on the level of differentiation between the phenotypic and genetic levels raises the question of the molecular basis of species differentiation: how are the interspecific polymorphic regions distributed in the genomes of these two white oaks? Are they numerous or rare? Are they widespread or concentrated in a few groups? Answers to these questions require an intensive search of the genome in order to make an inventory of genomic regions that show species differentiation. We applied DNA amplification with randomly designed fragments (RAPD, Williams et a!., 1990) to identify the discriminant regions.
A first screening of the genome showed that only a few discriminant RAPDs were present (Moreau et al., 1994) . We extended the screening procedure to a larger coverage of the genome. The detection of informative RAPD fragments was then followed by their sequencing. New specific primers were derived and Sequence Characterized Amplified Regions (SCAR, Paran & Michelmore, 1993 ) were obtained. SCARs were then used as probes to analyse further the organization of genomic regions differentiating the two species. The objectives of these experiments were threefold: (1) to compare the level of differentiation between informative and noninformative genomic regions by deriving nucleotide divergence from RAPD data, (2) to evaluate the degree of repetition of informative regions in the genome and (3) to estimate the similarity of informative regions in the two species.
Materials and methods P/ant materials
The sample consisted of 22 populations of Q. petraea and Q. robur clustered in 11 geographical pairs (Fig. 1) . These populations were distributed through much of the natural range of the species from Spain to Poland. Buds or leaves were collected on two trees per population for DNA extraction, on adult trees for pairs 10 and 11, and on seedlings grown in the nurseries for others pairs. One sample tree, which appeared to belong to a different species, had to be discarded during the experiment, leaving the total number of trees as 43 (22 Q. petraea and 21 Q.
robur).
DNA extraction, RAPD amplification conditions Genoniic DNA was extracted from buds or young leaves frozen at -80°C according to Saghai-Maroof et a!. (1984) with minor modifications (Moreau et a!., 1994) . Amplification reactions were carried out in 15 pL reaction mixtures containing 16.6 mi (NH4)2S04, 67 mi Tris-HC1 pH 7.5, 2 mi MgC12, 0.0005 per cent anionic detergent, 0.2 per cent /3-mercaptoethanol, 4.4 JLM/mL bovine serum albumin, 100 M each of dATP, dGTP, dCTP and dTTP, 0.2 M of 10-base primers from Operon Technologies, 2-5 ng of template DNA and 0.8 U of Taq DNA polymerase (GibcoBRL) on a PHC3 Techne thermal cycler. PCR conditions were: 4 mm at 94°C followed by 35 cycles, each of 45 s at 93°C, 45 s at 40°C and 1 mm 30 s at 72°C. Amplification products were separated in 1.5 per cent agarose gels using a 0.5 x TBE running buffer at 3 V/cm. The gels were stained with ethidium bromide.
Cloning and sequencing of RAPD fragments RAPD fragments to be cloned were rescued from the agarose gel by touching the corresponding DNA fragment with a pipette tip, rinsing the tip into 200 tL of sterile H20 and carrying out a new PCR amplification using the RAPD assay conditions described above; two jiL of the RAPD fragment sample were used as template. On some occasions, it was necessary to repeat this process several times until a pure single fragment was obtained. The amplified product was purified using Promega Wizard PCR preps and was subsequently cloned into the pGEMTR plasmid vector (Promega) following the manufacturer's instructions. The identity of the cloned RAPD products was verified by hybridization of the cloned fragments to Southern blots of RAPD fragments. The nucleotide sequences of the cloned RAPD fragments were obtained using the T7 sequencing kit (Pharmacia) and the universal forward and reverse primers.
SCAR design and analysis
For each RAPD fragment, three identical clones were sequenced. New primers (15-20 bp length) were derived from the sequences (Table 1) . Amplification of genomic DNA with SCAR primers was performed as described above except for the primer concentration (0.1 JIM) and for the annealing temperature ( Table 1 ). The SCAR products were analysed on 1 per cent agarose gels in 0.5 x TBE running buffer. Following amplification, monomorphic fragments were digested with restriction enzymes or analysed with the Single Strand Conformation Polymorphism (SSCP) method (Bodénès et a!., 1996) to detect polymorphism.
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Southern hybridizations
Restricted genomic DNA from Q. petraea and Q. robur or RAPD products was transferred onto N + membrane (Appligene) according to the standard alkaline Southern blot procedure (Southern, 1975; Reed & Mann, 1985) . After purification, SCAR fragments were used as probes as described above and labelled with -32P-dATP (3000 mCi!mmole) using the random primed DNA labelling kit (Biolabs) . The probes were purified by gel-filtration chromatography on Sephadex G50 columns. Hybridizations were performed overnight at 42°C in 5 x SSC, 5 x Denhart's (Denhart, 1966) , 0.05 per cent SDS, 0.1 M Tris-HCI, 50 per cent formamide and 300 pg/mL yeast RNA. Filters were washed for 15 mm at 50°C twice in 2 x SSC, 0.1 per cent SDS and twice in 0.2 x SSC, 0.1 per cent SDS, rinsed 2 mm in 2 x SSC and then autoradiographed using X-ray film.
similarities. Nucleotide sequence similarities were searched using BLASTX and BLASTN (Altshul et al., 1990 ) at the National Center of Biotechnology Information (Wilbur & Lipman, 1983) .
Data analysis
For each sample, RAPD fragments were scored as present (1) or absent (0). The screening procedure was based on the identification of the primers which produced RAPD profiles allowing differentiation of the two species and giving reproducible results (Fig. 2) . The Fisher exact test was used to identiI' discriminant fragments, i.e. fragments exhibiting frequency differences between the two species.
Nucleotide diversity was inferred from RAPD data by using the method of Nei & Miller (1990) extended to diploid data.
Results
Identification of in formative RAPD fragments Sequence analysis SCAR sequences were compared to those existing in databases (Genbank/EMBL) to detect potential
A total of 2800 amplified fragments, obtained with 250 primers, was analysed and 64 fragments (2 per cent), generated by 40 primers (14.4 per cent), were E: TAATATAGAAAG GGAAAG S corresponds to the upstream primer. E corresponds to the downstream primer. tSCAR primer pairs are denominated according to the Operon primer used for the random amplification followed by the size of the discriminant fragment. lThe underlined sequences represent the sequence of the original RAPD primer. §The letters and the values correspond to the types of polymorphism as illustrated in Fig. 3 . *Indicates that these SCAR fragments have not been analysed by RFLP or SSCP.
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selected because they showed significant frequency differences between the two species (Fisher exact test, data not presented). Among these primers, 34 gave reproducible results and produced 36 informative fragments among a total of 412. Seven fragments only among the 412 were monomorphic for the 43 trees tested.
Differentiation among the 43 sampled trees was analysed with Factorial Correspondence Analysis (FCA) (Lebart et a!., 1984) which is a weighted principal correspondence analysis. The calculations were performed with the 36 informative fragments selected during the screening procedure. The first axis of FCA explaining more than 31 per cent of the total variation clearly subdivides the 43 trees in two sets partly overlapping and corresponding to the two species (Fig. 2) . This subdivision appears to be the most discriminant with the variables available.
Indeed, an empirical statistical test showed that no other more discrete subdivision among the 43 trees was possible with the data set. This test was performed by randomly selecting 36 different variables among the 412 available and running the FCA analysis. Two thousand different random combinations of 36 variables were tested and none of them resulted in a higher discrimination than 19 per cent (per cent of the variation explained by the first axis of FCA). One may therefore conclude that (1) the highest differentiation among the 43 trees is the one corresponding to the 36 fragments obtained after the screening procedure and (2) this differentiation corresponds to the separation into two species (Fig. 2) .
Nucleotide diversity and divergence between Q. petraea and Q. robur Nucleotide diversity and divergence between the two species were estimated from the RAPD data (Table   2 ). Separate analyses were conducted with three different sets of fragments: (1) a total of 412 fragments resulting from the screening procedure (34 primers); (2) 376 fragments excluding the most discriminant fragments among the previous set; and 2). The results clearly indicated that Q. petraea is more variable than Q. robur and that this difference increased when only discriminant fragments were considered, as shown also by the FCA (Fig. 2) . The comparison of nucleotide diversity among the different sets of fragments (especially 376 vs. 36) indicated that the selection of discriminant fragments resulted in the selection of genomic regions that exhibit also higher within-species diversity. Finally, the screening of discriminant fragments resulted in the selection of genomic regions that showed 10 times higher nucleotide divergence between the two species than the rest of the genome (0.03 vs. 0.003).
Conversion of RAPD fragments to SCARs
The amplified products of 36 RAPDs showing significant frequency differences between the two species were cloned and sequenced at their extremities or in totality depending on their sizes. SCAR primers were designed when three cloned fragments had the same DNA sequences. The similarity of the cloned products with the selected RAPD fragments was verified by Southern blot hybridizations. The RAPD profiles and the hybridization pattern with the cloned fragments of the same individuals were identical indicating that the SCAR fragment was derived from the amplified product. However, 13 fragments (Rychlik et al., 1990) . Among the 23 SCARs obtained, different types of polymorphisms were observed (Table 2, Figs 3 and 4). In two cases, complicated PCR patterns were obtained and they were ignored for further analysis. In seven cases, the same polymorphism as with RAPD primers was obtained: the presence or absence of bands when the corresponding SCAR primers were used (dominant markers) was concordant with the presence or absence of bands on RAPD profiles. In three cases, two amplified fragments were obtained with the SCAR primers that may be two allelic products of a given locus. With 11 out of the 23 SCARs, the primer pairs amplified fragments from all the individuals, even those which did not present the RAPD fragment. In this case, digestion of the SCAR fragments with restriction enzymes or SSCP was used to detect polymorphism within the fragment (codominant markers) (Fig. 3) (Bodénès et al., 1996) .
Determination of genomic copy number and origin of SCAR amplification products
In RAPD profiles, it is not known if fragments of the same size shown by two different trees are similar. Here, this was tested by using SCAR fragments as probes and hybridizing them to RAPD patterns. The hybridizations were carried out on Southern blots of the two species (Table 3) . Hybridizations between 19 SCARs used as probes and the 43 samples resulted in 817 positions that could be compared to the RAPD patterns. Only 3.1 per cent of the comparisons showed a discrepancy between RAPD and hybridization profiles. As a general rule, SCAR probes hybridized with the corresponding RAPD fragment and sometimes with additional fragments (generally with a second fragment and occasionally with several other fragments). The selected fragment always exhibited the strongest intensity. In two cases (Fl-bOO and A1-500), the probes hybridized with a DNA fragment of an To evaluate the copy number of the informative SCARs, genomic DNA digested with endonucleases was hybridized with SCAR fragments. In most cases, the probes hybridized with a small number of fragments and they were classified as representing low copy numbers or moderately repeated regions (Table 3) . Sequence analysis Fig. 4 Electrophoretic profiles of SCAR products. M, molecular weight ladder (1 kb). Lanes 1-5: presence or absence of R12-500 SCAR products (polymorphism P1). Lanes 6-10: presence of the P14-450 SCAR products in all individuals (monomorphism M). Lanes 11-15: one or two B11-1500 SCAR products (polymorphism P2).
that the sequenced fragments were not the selected fragments. This discrepancy was attributed to the difficulty of picking up the right band on the electrophoresis gel. Hybridizations were successful with RAPD patterns of the other species; therefore
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Among the 23 sequences, three presented significant nucleotide similarities with known sequences in the data banks (Genbank/EMBL data libraries) using BLASTN: B12-500, B19-800 and P14-1000. Similarities were also found for B19-800 and P14-1000 when BLASTX was used. The SCAR fragments which contained repeated motives in their sequences were analysed with and without the repeated motives and did not show significant similarities when repeated motives were excluded.
B12-500 exhibited a high similarity with ribosomal RNA genes of Zea mays or Lupinus luteus, B19-800 with trehalose-phosphate synthase of Saccharomyces cerevisiae and P14-1000 with a transposable element of Antirrhinum majus or Glycine max. ii: identical patterns between RAPD and hybridization scores. S: hybridization with several bands including the selected band. D: discrepancy between RAPD and hybridization profiles; at least one of the 43 samples exhibited a discrepancy. TD: total discrepancy; hybridized fragments of all samples were of the same size but different from the selected RAPD fragment. N: no results obtained. 1:HR: highly repeated sequences (>100). MR: moderately repeated sequences (10-100). LR: low copy number sequences (<10).
Discussion

Genomic organization of discriminant regions
The screening procedure of RAPD fragments and the subsequent conversion of informative RAPD fragments into SCARs resulted in the identification of 23 informative regions in the genome. In order to evaluate the degree of repetition of these regions (repeated or single copy sequences), Southern blots of restricted genomic DNA were hybridized with SCAR probes derived from cloned RAPD fragments. In 14 (74 per cent) cases, we observed weak signals of low copy sequences and in 5 (26 per cent) cases, moderately repeated sequences (Fig. 5, Table  3 ). The low copy number of informative SCAR fragments that we obtained appears therefore to be an exception, when compared to other results obtained with RAPD fragments. Except for Arabidopsis, where low copy numbers were found for RAPD fragments (Reiter et a!., 1992) , in all other cases RAPD fragments appear to be highly repeated in the genome: for example, 89 per cent of RAPD probes from Pinus pinaster (Plomion et a!., 1995) hybridized with highly repeated sequences whereas 50 per cent or less of RAPD probes from Eucalyptus (Grattapaglia & Sederoff, 1994) , cocoa (N'Goran et a!., 1994), lettuce (Paran & Michelmore, 1993) and Petunia (Peltier et al., 1994) corresponded to low copy number sequences.
These results seem to indicate that the proportion of repeated sequences is correlated to the DNA content (Flavell et al., 1974) . Quercus robur and Q. petraea are known to have small genomes (1.8 pg/2C, Favre & Brown, 1996) . However, the number of copies of RAPD fragments is still lower than those observed in other organisms having similar genome sizes to Eucalyptus (Grattapaglia & Sederoff, 1994) . Other causes may therefore be advocated to explain the low copy number. One of them may be related to the technique that was used for the hybridization experiments. Here, we used cloned RAPD fragments as probes instead of fragments excised from gels. Consequently, we avoided the possible presence of several comigrating RAPD fragments in the probe. Finally, the results we obtained may just reveal that discriminant genomic regions between the two species are mostly represented in single copies, e.g. in coding regions of the genome. Three sequences among the 23 SCAR fragments present a significant similarity with identified sequences in data libraries. The P14-1000 sequence exhibited a high similarity with a transposable element. It has been shown that transposition could promote perturbations in different regions of the genome and could give rise to abnormalities in the mating system, for example (Rose & Doolittle, 1983; Krieber & Rose, 1986) . The maintenance of the two species in the complex of two interfertile species, Q. petraea and Q.
robur, has often been interpreted as the result of selection pressures towards different contrasting ecotypes (Kleinschmit et al., 1995) . It is possible that the discriminant regions identified during the RAPD screening procedure are involved in the adaptation to the ecological niches corresponding to the two species.
We also investigated the similarity between fragments showing the same electrophoretic mobility in a gel. Twenty-one SCAR fragments were used as probes to hybridize Southern blots of RAPD 
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patterns from which they originated (the two SCARs for which the PCR gave complex patterns were discarded). In 1 per cent of the cases, the RAPD fragment, not visible after ethidium bromide staining, was revealed after hybridization. In 2.1 per cent of the cases, the RAPD fragment of the expected size did not hybridize with the appropriate SCAR fragment. The former situation corresponds to a greater sensitivity of the hybridization as compared to ethidium bromide staining; the latter indicates that the same primers can amplify different sequences of the same size (Fig. 6) . Similar results have already been observed for A ilium (Wilkie et a!., 1993) , Brassica (Thormann et a!., 1994) , Gliricidia (Chalmers et a!., 1992) , Petunia (Peltier et a!., 1994) and Vitis (Xu et a!., 1995) .
Differences of polymorphisms between RAPD and the corresponding SCAR RAPD assay allows the detection of single base changes in genomic DNA (Klein-Lankhorst et a!., 1991; Williams et al., 1993) . Because we did not know the cause of the polymorphism observed in the RAPD profiles (mismatches in the priming sites or molecular rearrangments within the RAPD fragment), we could not predict whether simple extension of the 10 bp RAPD primer to longer specific primers would retain this polymorphism. Thus we
did not add systematically 10 bp to the 10 bp RAPD primer and on several occasions we chose a new primer pair within the sequence. Conversion of RAPDs to SCARs may have resulted in the modification of the original polymorphism.
For 11 SCARs out of 21(52.4 per cent), PCR amplification resulted in the loss of the original RAPD polymorphism indicating that the polymorphism resulted from mismatches at the original priming sites. For seven SCARs (33.3 per cent), amplification occurred only for individuals which exhibited the corresponding RAPD fragments. In these cases, the polymorphism between individuals originated from sequence divergence or rearrangements that either altered the orientation of the primers or resulted in the separation of the primers by too great a distance to allow amplification (Paran & Michelmore, 1993) . For three SCARs (14.3 per cent), variant length polymorphism was directly observed after PCR with, in two cases, the appearance of a second amplified fragment. For A17-700, the presence of a subrepetition of 250 bp within the sequence of the RAPD fragment explains the PCR amplification of two fragments of 700 and 250 bp, respectively. For B11-1500 and 113-300, sequence analysis did not afford any explanation for this phenomenon but hybridization experiments indicated that the two fragments produced by B11-1500 harboured similar sequences. In these cases, PCR conditions could not be optimized to obtain a single amplified fragment. Converting informative RAPD fragments into SCARs did not lead to the same conclusions as the RAPD fragments themselves. Whereas RAPD polymorphism was mostly caused by mismatches on the primer sites or molecular rearrangements, SCAR polymorphism originated from variations within the amplified fragment. This change does not affect the identification of loci involved in differentiation but may modify the assignment of alleles as different between the two species.
Nuc/eotide diversity and differentiation derived from RAPD data Nucleotide diversity estimates from RAPD fragments are dependent on strict assumptions indicated by Clark & Lanigan (1993) . The sequencing of the informative RAPD fragments and the hybridization experiments performed here allowed us to verify some of them. The stronger assumption is that RAPD polymorphism is caused mainly by point mutations in the primer sequence and is allele specific. Here, seven of 21 polymorphic RAPD markers were attributed to insertion/deletion, whereas the remaining 14 were caused by mutations in the primer sites. Hybridization experiments also showed that informative RAPD fragments were allele specific in both species as also shown by inheritance studies on a subset of fragments in controlled crosses (Moreau et a!., 1994; Bodénès et a!., unpublished results) .
The estimates of nucleotide diversity and differentiation obtained here may therefore be considered as 'rough' figures depicting the heterogeneity of genomic nucleotide divergence between the two species. Although the overall divergence among the two species is extremely low (0.5 per cent), there are a few 'hot spots' where the divergence increases to 3 per cent. These results are in the range of nucleotide differentiation percentages obtained with the same method among populations of a given species (0.02-0.08 per cent in trembling aspen, Chong et a!., 1994) or among species within a given genus (9-13 per cent in Shorea spp., tropical forest species from Malaysia, Harada et a!., 1994) . The results obtained on nucleotide diversity and divergence clearly confirmed earlier analysis conducted with allozymes (Zanetto et a!., 1994) or RAPD data (Moreau et a!., poorly differentiated and (2) Q. petraea was more variable than Q. robur. As these authors advocated, asymmetric hybridization may be responsible for the discrepancy in the level of diversity in the two species.
